We present both the theoretical analysis and proof-of-principle experimental results of a novel transmission-line microwave interferometer for measurements of plasma electron density. The principle of this technique is the same as conventional microwave interferometers except that the sensing microwave propagates along a transmission-line structure. For this study, the transmission-line is a circular coaxial dielectric waveguide operated at 2.4 GHz. A microwave module consisting of a microwave source and a phase detector has also been developed for detecting the phase of the microwave propagating through the transmission-line. Good agreement of phase measurements between the microwave module and a microwave network analyser has been demonstrated. The electron density measured by the interferometer is also consistent with the results from a Langmuir probe.
Introduction
Plasma processing plays a crucial role in modern semiconductor manufacturing where high yield and high throughput processing are of primary importance [1] . However, it is also the major cause of the device defects which reduce the fabrication yield. To improve process stability and reliability, it is desirable to monitor the plasma conditions during the process by plasma property sensors. The sensor's output can be also used for feedback control of plasma processes. The most fundamental property of plasmas is the electron density. Microwave-based measurements [2] , as compared with electric probe-based techniques, have the advantage of being non-intrusive and less perturbative to the plasmas, i.e. without extracting currents from the plasma. Microwave interferometers have been used to measure electron density and feedback control [3, 4] . This technique, however, is not very attractive for process monitoring and control of existing processing tools since two vacuum ports are needed. In addition, multi-path problem often reduces the sensor's 1 Author to whom any correspondence should be addressed. dynamic range and accuracy [5] . It is therefore desirable to develop a microwave sensor which uses only one vacuum port and has a transmission-line structure to avoid the multipaths problem. Resonant-type microwave sensors based on the principle of plasma oscillation excitation [6] , plasma surface wave absorption (plasma absorption probe (PAP)) [7] , transmission-line resonator (hair-pin probe) [8] or cavity resonance [9] have been developed and even employed to monitor the electron density of plasma-based processes [10] or as the sensor for feedback control [11] . In contrast to the reflectiontype measurements in these sensors, a transmission version of the PAP [12] , the plasma transmission probe (PTP) [13] , as well as a transmission-type technique detecting the cutoff of the microwave propagating through the plasmas (wave cutoff method), has also been demonstrated recently [14] . Compared with the microwave interferometers which provide the electron density averaged over the path of the microwave beam, these 'probe'-based microwave techniques, in principle, can detect local electron density by measuring the corresponding 'resonance frequencies'. To measure the resonance frequency of these sensors, one often needs to use an expensive microwave network analyser or spectrum analyser and hence it is less attractive for application in plasma processes for semiconductor fabrication [6, 7, [12] [13] [14] . In this study, we developed a transmission-line microwave interferometer (TLMI) for plasma electron density measurement. Operating under the transmission mode at a single frequency, one only needs to extract the phase shift of the transmitted microwave signals using simple phase detectors. Thus, the sensor costs much less than the resonant type ones, where a microwave network analyser is often needed.
Experimental apparatus and methods
The fundamental principle of the TLM is the same as the conventional microwave interferometers except that the sensing microwave propagates along a transmission-line structure, i.e. detecting the change in the effective high frequency dielectric property, or permittivity, of the plasma as the plasma density (or more exactly electron density) varies. Thus, for a given frequency of the sensing microwave, the corresponding propagating wavenumber, or the propagation constant of the transmission-line, also varies. One can then determine the plasma electron density by measuring the phase change of the microwave for a given propagation length in the plasma. An ideal structure for the transmissionline is the dielectric surface waveguide, where the travelling microwave is trapped in the dielectric but with a portion in the electromagnetic fields exterior to the dielectric and thus can 'sense' the change in the environment surrounding the waveguide. For our proof-of-principle experiment, we adopted the circular coaxial line structure, formed by a centre conductor covered with a uniform dielectric layer, as illustrated in figure 1 , as the transmission-line due to ease of fabrication. For the microwave interferometer application, it is highly desirable to operate at the fundamental waveguide mode of the coaxial dielectric waveguide to avoid interferences from other modes. For the structure in figure 1 , one would expect the fundamental mode to be an axial symmetric, transverse magnetic mode or TM 01 mode. To determine the propagation characteristics, we first derived the dispersion relation by following the conventional procedures [15] . Here a brief description of the derivation is given. For the TM modes, one solves the wave equation for the longitudinal electric field, E z , given by
where the convention time harmonic propagating wave form, exp[j(ωt − βz)], is assumed for the electromagnetic fields, ω and β represent the angular frequency and phase constant of the wave, respectively, c being the speed of light in free space and ∇
2
T being the transverse Laplacian in cylindrical geometry
The relative permittivity of the medium is denoted by ε r , in the dielectric layer region ( a < ρ < b), ε r = ε d , the dielectric constant of the dielectric, and in the plasma region (ρ > b), with the collisionless cold plasma approximation [1] ,
centre Figure 1 . Schematic of the coaxial dielectric waveguide.
where e and m e are the charge and mass of electrons, respectively, ε 0 denotes the free space permittivity and n e is the electron density of the plasma. For the axial symmetric modes (TM 0n ), the solutions to the wave equation, in the dielectric and plasma regions, are
where J 0 and Y 0 denote the first and second kinds of the Bessel functions, respectively, K 0 is the second kind of the modified Bessel function which was chosen such that the field vanishes as ρ → ∞ and
Here the form of the solution is chosen for the fast wave modes, i.e. ω/β > c/ √ ε d . By substituting the solutions into the boundary conditions such that E z (ρ = a) = 0 and the tangential fields continuous across the dielectric-plasma interface (ρ = b), one then obtains the dispersion relation
where J 0 (x) = dJ 0 /dx and similarly for K 0 and Y 0 . For the slow wave (ω/β < c/ √ ε d ), the dispersion relation can be obtained following the same procedure and one yields
where τ (7) and (8), for a coaxial dielectric surface waveguide having outer/inner radii of the dielectric (TEFLON, ε d = 2.08) 1.25 mm and 0.75 mm, respectively. The dimensions are chosen for our initial experiment based on the availability of commercial TEFLON tubes and to minimize the sensor size to reduce perturbation to the plasma. In figure 2 , we show both the fast wave and the slow wave branches of the dispersions. The slow wave branches correspond to the plasma surface wave upon which the PAP is based, while the fast wave ones are just the waveguide modes. The dispersion characteristics from the analytic calculation have been verified by using a commercial tool, high frequency structure simulation code (Ansoft HFSS), a full-wave electromagnetic simulator using the finite element method. In the HFSS simulation, the structure shown in figure 1 is analysed where the relative permittivity of the medium surrounding the coaxial dielectric waveguide is determined by the electron density according to equation (3) . After the geometry and material properties of the media are specified, the simulation starts by analysing the two-dimensional structure at the two ends, or ports, of the coaxial dielectric waveguide to determine the distribution of the electromagnetic fields and the propagation constant of the desired number of waveguide modes at a given frequency. The distribution of the fields for a given mode along with the corresponding propagation constant can then be used to identify the type of waveguide modes, e.g. TE nm or TM nm . For the TM 01 mode the dispersion characteristics of the coaxial dielectric waveguide, the results from the HFSS simulation and the analytical calculation show an agreement with a deviation within 1% (not shown).
The dispersion characteristics for the waveguide mode (fast wave branches), as shown in figure 2 , are very similar to that of plane waves propagating in plasmas, with a cutoff at the plasma frequency, as expected. The results also indicate that the wavelength (λ = 2π/β z ) of the microwave propagating along the transmission-line increases with electron density. Therefore, one can determine the electron density with the method similar to microwave interferometers, i.e. by measuring the relative phase change of the transmitted wave as compared with the signal via a reference path. The phase shift due to the plasma is given by
where L is the length of the transmission-line and β z,vacuum and β z,plasma are phase constants in vacuum and in plasma, respectively. Because β z,plasma relates to the electron density according to the dispersion relation, one can determine the 'local' electron density line-averaged over the transmissionline by measuring the phase shift of the transmitted wave. In this study, the coaxial-type transmission-line was placed close to the chamber wall with a flat U-shaped geometry, as illustrated in figure 3 , in order to minimize the radiation loss through high order modes caused by the two discontinuities (at the coaxial feedthrough and the dielectric waveguide interface). To account for the effects of the proximity of the conducting chamber wall, as well as the two discontinuities and sharp turns, we adopted the HFSS simulation to determine the dependence of the phase shift of the transmitted wave on the plasma density. Figure 3 shows the electric field distribution obtained from the simulation, where the microwave frequency is 2.4 GHz and the transmission-line is placed at a distance of 4 mm from the chamber wall. The relation between electron density and the corresponding phase shift is shown in figure 4 . A phase shift up to 50
• was obtained for an electron density of 7 × 10 10 cm −3 . The TLMI system consists of a transmission-line module, which is a coaxial dielectric waveguide mounted on a vacuum flange and a microwave module (homemade phase detector (HMPD)), which supplies the sensing microwave and analyses the phase of the microwave passing through the dielectric waveguide. A schematic diagram of the sensor system is depicted in figure 5 . In the microwave module, a voltage-controlled oscillator (VCO) was used to generate the 2.4 GHz microwave signal. The signal passed through the dielectric waveguide is compared with a reference signal by an image rejection mixer (I/Q mixer, MITEQ IR0204LC2Q) to determine the phase. The phase, φ, is calculated from the two outputs from the mixer, I and Q, and is given by
The output signals from the mixer were directly converted to digital data and recorded by a commercial data acquisition card (National Instruments PCI-6024E). A LabVIEW program was written for data acquisition and analysis. The TLMI was first tested in an inductively-coupled plasma (ICP) etcher where the plasma was generated by 13.56 MHz RF power with a chamber 500 mm in diameter and 250 mm in height [16] . A shape-adjustable five-turn bifilar coil of diameter 480 mm was placed on top of a 10 mm thick ceramic window to provide inductive coupling of RF power to the plasma. The transmission-line type microwave sensor was mounted on a vacuum port located at a level 65 mm below the ceramic window.
Results and discussion
Figure 6(a) shows the results of the phase shifts measured by the HMPD for different ICP powers in an Ar plasma with a pressure of 10 mTorr. As a comparison, measurements were also carried out separately by using a vector network analyser (VNA, Agilent E5071B) for the same operation conditions. The results are also shown in figure 6(a) . To increase the signalto-noise ratio, an average of 100 and 128 samples was adopted for the measurements by the HMPD and the VNA, respectively. The results in figure 6(a) show good agreement between the two methods. The measurement results were also compared with the electron densities measured by a RF-compensated Langmuir probe, and the electron density was determined by integrating the electron energy distribution function (EEDF) [1] . Due to the limitation of the probe structure, the probe tip was placed at a distance of 2 cm from the chamber wall. nearly three times that obtained by the TLMI. This is believed to be the result of the different positions of the two sensors, for which both were placed near the chamber wall where the plasma density exhibits a much larger spatial gradient than the bulk plasma region. The measurement results by the TLMI, however, do reflect the variations of the electron density in the chamber, although with a different scale and sensitivity. As an example for real-time monitoring of electron density of plasma process, the TLMI was also used to make measurements during the process of poly-silicon etch in the ICP etcher. Figure 7 shows the results of electron density measurements with the following process conditions: gas mixture Cl 2 /Ar (95/5) at 10 mTorr, source power 1000 W and bias power 200 W. The measurement results show that the electron density exhibits a spike initially when the source power was turned on and then reached a steady state value. After the bias power is turned on, the electron density increases by approximately 12% due to the additional power from the bias and effect of etch products. The presence of the etch products in the plasma chamber is also believed to result in a higher electron density after turning off the bias power as compared with the density during the time period before the bias is turned on.
Conclusions
In summary, this study demonstrates a novel TLMI for plasma electron density measurements. The approach adopted here also allows real-time monitoring of the plasma, in addition to its low cost, and thus is more suitable for applications in process control in plasma tools in semiconductor fabrication. For the TLMI system constructed in this work, a sampling rate, limited by the data acquisition module and the low pass filters in the HMPD, of up to several hundred kHz can be obtained. The TLMI thus can also be applied for measurements in pulsed plasmas [17] or for studying instabilities in RF plasmas with temporal variations in density up to several kHz [18, 19] . The TLMI can also be installed on a structure similar to the PTP [13] to permit measurements of local densities in the bulk plasma, although the sensor was placed near the chamber wall in this study. To widen the dynamic range of the TLMI, corrections due to the plasma sheath effect [7, 8, 20] will need to be included in the theoretical analysis. For application in corrosive plasmas, however, a ceramic or quartzbased structure will be more adequate than the TEFLON used in this work. In addition, the TLMI sensor is placed near the chamber wall and its size is small compared with the typical plasma chamber size for the processing of a 300 mm diameter wafer and no current is extracted from the plasma. Thus, the perturbations to the plasma conditions are minimized for application in the monitoring of plasma processing tools. Furthermore, the sensor has a dielectric surface in contact with the plasma. The effect on the plasma conditions should be minimal if alumina, a typical chamber wall material, is the dielectric layer of the sensor, since the plasma-surface interaction, such as adsorption of chemical species in the plasma on the surface, would remain unchanged.
